We prove a connection between the Brillouin gain and the zeropoint optomechanical coupling rate. Moreover, we report on observations of Brillouin scattering in silicon photonic nanowires -showing efficient coupling between near-infrared light and gigahertz sound.
Stimulated Brillouin scattering (SBS) has seen rising interest with the promise of chip-scale alloptical functionalities and potential applications in microwave signal processing. 1 The prediction of strong Brillouin gain coefficients (up to 10 5 W −1 m −1 ) in fully suspended silicon waveguides 2, 3 was central to this evolution. We recently made the first observation of SBS in silicon photonic nanowires, 4 showing on/off gain up to 175% ( fig.1 ). These wires thus emerge as a promising SBS platform. We report theoretical and experimental progress towards actual Brillouin devices, including lasers and comb generators, based on these nanowires.
For most of their history, Brillouin scattering 5 and cavity optomechanics 6 have been disconnected branches of research. Although both study the interaction between light and sound, a number of differences impeded their unification. For instance, SBS typically deals with counterpropagating and cavity optomechanics with co-propagating pump and Stokes waves. In addition, electrostrictive bulk forces usually dominate sound generation in SBS -while radiation pressure at the boundaries takes this role in cavity optomechanics. Further, cavity optomechanics typically studies resonators with much larger optical than mechanical loss rates (κ Γ m ) -whereas Brillouin lasers 7 operate in the reversed regime (Γ m κ). In the last years, the idea that these are mostly superficial differences has been gaining traction. Indeed, in both cases light generates motion and the motion phase-modulates light. Next, this spatiotemporal phase-modulation creates motional sidebands. Brillouin scattering and cavity optomechanics share this essential feedback nature. Some progress towards fusion of SBS and cavity optomechancs has already been made. For instance, electrostrictive forces were exploited for sideband cooling 8 and radiation pressure contributed to SBS in nanoscale silicon waveguides. 4, 9 Here we take another step in the Brillouin-optomechanics fusion.
Theoretically, we derive the cavity dynamics from the waveguide equations of motion in the high-finesse limit. The detailed transition will be published fully elsewhere. It was inspired by the derivation of the mean-field Lugiato-Lefever equation from the nonlinear Schrödinger equation in the context of Kerr microcombs. 10 This explicit transition shows the unity of optomechanical phenomena, regardless of whether they occur in waveguides or cavities. Further, it automatically links two parameters of central importance in SBS and cavity optomechanics: respectively the SBS gain coefficient G SBS [W −1 m −1 ] and the zero-point coupling rate g 0 [Hz]. The former (G SBS ) quantifies the pump power and waveguide length required to significantly amplify a Stokes seed. The latter (g 0 ) quantifies the cavity frequency shift induced by the mechanical zero-point motion. We prove that these parameters are inextricably linked by the identity The SBS-optomechanics connection is strongest for intra-modal forward SBS, but a completely analogous transition can be made for inter-modal forward and backward SBS. Equation (1) takes into account both electrostriction and radiation pressure.
We recently observed 2.3 dB/cm on/off intra-modal forward SBS gain in silicon nanowires ( fig.1 ) with 2.6 dB/cm propagation loss. 4 These partially suspended wires have a gain coefficient
GHz with a linewidth of Γ m 2π ≈ 35 MHz. They combine good phonon confinement with a centimeter-scale interaction length and a large photon-phonon overlap. Applied to these silicon nanowires, connection (1) shows that values of g 0 2π ≈ 500 kHz are in reach in 20 μm-roundtrip silicon microrings -comparable to the best coupling rates so far. 6 Thus, relation (1) will be susceptible to experimental tests in the near future.
In conclusion, we prove a connection between the SBS gain coefficient and the zero-point optomechanical coupling rate. This link shows the unity of waveguide-and cavity-based optomechanical effects. In addition, we made the first observation of SBS gain in silicon photonic nanowires. This is a significant step towards optically-driven lasers/sasers, microwave filters and comb generators on a densely integrated silicon chip.
